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LOABSTRACT

Uhe loma-term goal of this commact s o deselop methods to proside hrace-tree, energy

Sl eer stardme o porsons with complete thoracie ered smnal cord mjures v fuietieni

newreiescrbar stimuiation (ENS Oy obyectives wie oo delne the fundamantdl reganetients,
dovelap the coniral stragegies, il anuerstand the tactors imiting the perlormance b systeims
desizied o uttmareally resish reasonahle disturbacces o baGanee il free the vpper extrenmties
o aesmonicng anjecls (0 the ensironmen: wenle sianding These ohjeclives e Seing

iz denunue modeling i

ailldressod tarossh an vrganizod eltont canstsnng anatomical mode
contreller develepment. simulanon wd optiotization, and saperanental denwmstrohon o aow
corttrel stractures. This swork reprosenls an active partberstup besween the mvestgaiors ol Case
Wostern Reserve Universiny (OWRLES and collabarators at Northwestern Umsversiy and the
Univessits of Kentuchy . Progress during this reporting periosd s beers nade a0 the aress of
modeling the Giints and muscles o the rumk. cemepoting system dynamics, sinwlatng the
mectmedl behavior of the body o respoense o PNS and adupting stimalus saraeiaiers T
AUCOUNL 1T POR G Inedr Tee Fuilment properties dnd che ime-varying effocts of tgue.

IL INTRODLCTION

Achivy g imdeperadent, hands: ree standing with FNS depends ipon tae desclopment o
an amdonmical and biomechamcal model of e Jower extrenities and torse thas aocasutels
refects the acttons ol PNS oa pasalveed sscic, This il be empluoved o consiriet dyanma
stnlatiors wwd perlern Eh]i[l']n:..’;Ll'lUil procedares 1o imsestipgate the theoretical bohay or
various NS control systems Jor pros s automatic postural adjustments. Predictions resaling
Irone the medeling aad simuistion waill drive the ipiementation and experimental demonstration
of the posiural coentrel systens in toouan solunteers. Crealing o new anatonneal medel of e
trunh cnid intesrating iRt an exdsting three-dimensional represeatution of the leswer extrenities,
sdding inertul propertics sd developing he Facility o cempute dynamces, simtialing ang
opehisirg controlier performunee. and colivating rew data o adjust the rided parameters tor
spinal cord nopurs (SCH are poals identitied for the fiest year of the contruet.

The first quarter of this year was dediented primarily to establishing the Sscilines and
Nomian resturces to develop the medel and pertarm te dynanne camputaions required by e
contrect.  Over the past four months, substantive progress have been made m mesdeling the
musculoskeletad anutomy of e trusk and spine, incarporaling mertiab properties and computing
the dy namics of huren stance s w cliomed chan sysens, and creating methods 1o adap for aon-
hneas reeraitment and Tatigae propertics of stimulated muscle. This report sumnurzes these

resulis and ke relanen-hip g the overall souls of the contracr.

1. PROGRESS THIS REPORTING PERIOD

Progress this reportize pericd woos made pomanly noree arcas Doanatornea, snadels
of e apine and etk 23 brermcclanival medeling e sonolaten and s S adapitee and

proeparalen control alzenthin develepmenn
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1
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A Anatomical Modeling of the Spine and 'runk

W iive develeped aoprehnmmary mode] gl the rrunk ansd nteassted 0 wiih e oxisling

Ddel of 12 lower eareminies using Sottwire Tov Inleraetve Musciiosse.ctal Modeline 1STVIM
- Muscalograpbaes. Incon This pradect pernad was dedicated to scabing the trank mode] e assire
s avetracy and o detinme the seomeny of thiee key muscles iroctas abhdominis, crecion spite,
aid guadrutus Jumberom Theee sets af tests were pertornied 1o dssess the avcurey of the
mocel  The Gt ceithrees the scament lengins of the model with publisted datie The <ecand

evicuation cernpares the shrmensiors of nudividual venehrae wirk those Soimd 1 the liweralure,
Phe third vulicites the moment aems contputed with the mode] G accepted valoes preyousy

epontal,

{. Verificarion of model segrrent lengths:  Our indal coad 15 G creaie o model tha
represeats ainable bowbied schject of average stutare. To cecompiish s, the runs awodel was
sealed tomaintzin correct hods proportions that are withm one stasdard deviction of the wverase
seported B severas anthrepometiie surveys The onerall height istature L the supessiernale heizhs
tsbhouscer beghig, the dlnocristule haght tpelvie hasghtis and the trochianteric aeight thee aeight;
ol the SIMAL medel were compared o the 15250 fupproximately -1 standard deviaton s, 5065
smcanl and the 73 837 tupprosamutely 1 ~tandard deviation percentiie values ontained rom
feur dferent anthropomeie studics. cach of which surveved over 790 anle-bodied naales 007
Table T sunnunurizes these evaluunons,

The vverals statuee of the SINA medel was close tothe 309 percentile of the varions
siudies toavimieon deviation of 3 epue The moded height wis within one stancard deviation of
all four stinhes. The supersternale hewghn wis shightls higher shan the iweans ot the foue studies
rinkimum deviation of 48 cmi, bat within one surdard desviation reported 1or three of (e Tour
data sets. Theallioeristale height was very close o the mean reported inthe Air Foree and Frenan

Lable 1: Segment dimensions of the computer model compared to other studies

T Model " | Studyt . Study 2 Study 3 Study 4
Values _ ) (LS Army’y (USAF) {French tGerman')
; Stature; 5 15-25% _ 160 | |73 | lﬁ_b’ [72.3 1
1734 cm | mein 1753 174.5 A 1763 .
75856 : CIsl2 1 1TE 76 I8y
Supersternale 15256 | 1AK L 134 367 [0S
Height: !___M mean (=37 j42.3 |16 144
1450 cm . 75-85% LK. 6 s 1445 1475
Dhiocristale  15-23% | 1029 1o 1034
| Height: mean 172 1034 ' LR 67|
L1033 738AY 1A T S BRTE
’l"rm‘ha;neric - 15-254; ) NEK h 2 | NS ' K% £ !
Height: © nean ] 926 Npyoo AT . T
87.9¢m  75-85% 3. TR 93.9 9.0
Eissialed Hlandins s BNy rog e Repnr 822 oo Al




stuczes [ was sicaloer v oniea deviacion of -3 oo thar e boals ceported i the 2o
Zhand Genmae [0 studicss e rocianteric beighs was sonaller s twe values remered meall
s s emven s O ey ilen of LA cnre 1 was appeesamalels 05 consaveraa e odis de the
cne standard deviasion ranee reperted oy all o stadies 1 shoeld 2eonetes that albieass ngh
carre.atiedns between the sainre ad segimentn pararociers such ws lliocmstae heght hase neen
repoerted, jndividaal ~salvects taely have propertiona segivens salues Owverall there 15 cond
asrreemen botweon e el sewmient lenaztas wind these reporied mche Beratune.

2 Vertfication of muodel vertehral dimenstons: A digitred suedel of the spoee was
ohtiwred fren:s Viewnomt Bogmeerieg, The seprosentatien of the spine aos dnoeled ot
mdreidin, vortenrae and Jdisks secthia the relative malions ad G bones coald be deserised, The
Jimwensions of the imdividuad thoracie wnd lunhar vertenrac were meesticd and conpared with
published dati 300 These resulis we somuarized in Table 11 The werebral wndy aereln
sarterior and posteriar) and the transs emc process width were measamed foe cach seitehea The
fuarzhar vertehrd dienensions natlebed the publsied dils vory el sl des atiess Joss e 2
iz, aid all meastrenwents clise o one standacd deviation range reported Do both Gelad ecad and
Iy Lirgzer 03 6 i chan those b hieerarase,

Boerry ot ul. The thorae:e veriebrae were genera
Toe Jdimensions of 3 of the 12 thorawie wertebrae el witin one standard deviacion of the mean
runge reperted by Pargaba et sl and Berey el ai, while the rest of the vertehrme were greater tum

ore slardard deviaian arger,

3. Verifreation of musele moment armps: Three trunk muscies e been mooeled: thie
rectus whilominus. the erector spunie. aind the guadratus Tumboran, The ongne azd anseriion
Pernits et these mo cles have beern deteriiaed Fromn anacoin, e drawings, CTMRY Dnages, and
mspection of cadavers. Mowent arms af these muscles o the upright stundding posiczon were
comptled and commured to published vilues, The erector spinae was represented as thiee
separgle sepments ton cach sties dhocestalis thoracts, dlhocostans lunbornn and spimalis, The
Hocesidls nuscies orlginate al the angles of the 7th and Yo sbs and insert intocthe mzdiae and
Tateril sucral crests, und the miedial part of the bacs ob the ae crest The momiean amas of D
taree segiments 1 the anterior-posterior and mwednd-Lateral dircetion were averaged 1o gihve T
overdall erector spinac moncens arm, The nwment arm was compuiced us the iscianee berween tne
pidseie ponnt amd the centrald ol the Interior surface of G vertebr e the principal directions i@
that vertebrad jcve.. The recles shdomimos was reprosented using three seaments - o meidial
sedimeni, an cntenoediite scgnient, snd w loderal segment. The rectus abdominus muscle
aripirdtes from the fith oo the seventh costul cartilapes and inserts inte the pubie crest. twbercle.
and svieobiysoss The gquadramos luniberunm was represented using tove segmenis. The musele has
heen deserthed as orteinating froun tic medial part ol the F20h b and the trarsverse processos of
v upper tour oembar vertebra und seming Sote the e coost und dhioloonbar agament

Table IH ~untmiriees the m nent wrmes o the subvidual moscie seaments bn b mioded
and e averdge momwent armis of the three muscles I anteroc-posterior and medicl ateral
doreciions. Table IV shows o comparison of the averuge momwent arms ron the SIMM odel
neutral posities t valoes reporied by Tracy cv ol [ and Moga et all (870 The averagze motnent
arris of thae ervotor spreae were <lighey Bgher imavse Jeviation of 250 o0 antenoer-posteror

crrecton and 0% nmedid-Tateral dreciions thann those teporiad b the tao st bun e,

Unassi=ioud staandong b N5 Hreeroes Koport 22 P 2
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Srome Tl eme sheaboed oo runge sepeated By fracs cois T nieraen anis ol e recis
chdorrngs m oeurras positian matches svers ael comnpared oo those reported by Traey o i
rertvn ey deviasen of S e areriar-pastenior Grection and 207 e msediad fers ]l crecthion
The cierne st aiis o Suadratas Tombarii e seadier 0y Seror posleror coias minon Jdevatier
of 3F o amd e Lateras shrechion s masmen des e ol 35700 connpuiredd e the e Sk s,

Thowveser they Die cliose to e vone shamdares cov gy range peporied e Traey el
Tahle HID Anteriv-posterior AP and medio-lateral 13 E) moment arms tin mmo,

. Quadratus Lumborum

Vertebral Attachment of Muscle 'l_'l_;;npurlnwnl O Aodel
12 1.1 § [.2 1.3 1.4 Averape
| AP ML AP [ ML AP P ML | AP [ MLAP [ ML AP ML
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Table 1V : Comparison of SEMM moment arms tin mmi with published values

4. Quadratus Lumborum
| : ik ——

| Moaodel

IRACY et al,

MO A et al.

; Average | 11989 (1993
AN S Y | DR Y LR N 9 AP M
| gy + |
i 112-11 A ! RN N E
L1-1.2 i 13 ; TR
F2.03 26S San o 332 8 Suisnal S5 Snq
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b. Rectus Ahdaminus
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o Summnary and immediate plans:

The ~coment musureimengs obimed e

b

SEM ncedes mawehod caastns antiinaponieirie data well The theracic vertebriae were obsered

o besliehily Larger thae these reposted i fe stadies by Pasiiadl et el Beny ot ae, and Sceios o

LT Tunibeer s erpebralsbncnsons matelied the measaremeris o Giead e al ane Beo o

Wl

sesveTi shindies,
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Docmemmes anns cacculated et mocel sorsed slighitdy fronn the videes reported o the

slorature The mements artis b quedradus TumBorim o were abaoit S pereert et er
moment acs renoried by T rass S al wnd Megooetals The mioment srs ot the mecias abdonon.as
eatched the puiblisaos dan sl while the crector spinae sneinent woes weee slohils reer o] 3-
SR than the vaores reparted i e leruteee, Nevertheless, the prelinninars, e amus i
aeatre b pestion are close Toothe one stondard cieviation renwee ot the sebhisacs date,

Aodetinled vadas e sy b sl renne shie esdel Rariher and cecreuse thie accuraes of it

reprsentie b ey scnednded toooe g i the s quarier o this veor

B. Biomechianical Maodeling and Simulation

Pliv matacmmaics! resmesentalion ane Jvnaiiie aniasis ol bopedal <anee me e
drnersions aresents severil extemedy aitten echnical asd compatatona] cuclenzes e the
s tents reperlt porieds e stanes tvosie g cad andtsion model i SIMAD was successlulis

trisnstered e CWRE where 11 ss contizueed e relledt bipesdal sturdimns end the reduaced namiber

e~ Bhels o be actvales with NS Thies Drieee domensiotal mechamea] mode] ol 1he

Vs

v er ety conlans 12 degcees of frecdom oDOF - 2 the ankle, T at ie koee, & ul he

Mipe vaterally o Sesernn e miestunes relateod oo using this mode; oo ~inalation and contme
were aceompished durig e current ceporting perisnd, These ackicvements inelwle:
tegrahng the sexmental norcas sropesties and the computinz ef dvinemic propestics. b
Brple e nting ool constranss For fool-fo contact angd The closed ham conditions UPE
diricy ioedal stanees e ciordinang aed veriving the activns of several commercialiv available
soflwene pickagess de predicing abe postaral distwrbances produced by volunien aen
POVEIMES 1 IS ol L farces and monicints ransmitted o the trens s e shoalder, and o
con b e shmclied rosponses of paniy e inasele oo o nnoded eutput. The jollowine

SCUTIETT S ey sare gl the datiids of the progress made in Giese arcas,

Lo Closed-¢hain mndel enplementation: Our snodel of the ower exlrenilics cuntiins

bt Lo, seree g1 Ls rot reudishie 1o assume that the two Tegs o an individual with parapicgg will

e e exactly alixe donng functora] neureniuscilas stimulztion. Furtherimore, dunng standing
e roer tepcally remads: stahenuey becduse o Tricion Tarees bt cen the eoiund and the hottom
ol e fedt vr snoess Under Cos condivon, e geocaad wod e s lower extremitics fonn
mechimeas elesed-cham™ ve s e values of dhe mdividuad joint angles mest add ap oo 360
This clomed el condition tmposes constramts upon the imdependence of the joim inyics,
Acthough our biaieral model of the Joseer extremities contains 12 DOF, tie closed-chain natune

af ke svstem reduces the actoal number of mdependent DOF 1 s The constraints cun b
mposed e ditferens wi s bu Goncaliv tand i our edely three we due o Bxing the hree-
dicrensonzl cetanees hetween the fect wnd three are due o specilymz che three dimensiona
viicibition of the tunk aith - o DOEF dbeee o cocl hipe The pommary Funcsional implicaton of
~uch aoclosed cbeis medel oot mevemenes st the dilTerent joicts are mn wriependent, o
BCACTNERD b one Jont s he qovemipanicd by msvement al one or more othier [ines in erder

Feer ettt rennen closaed,

Phe mrdeb g of choasad chair mecaeical sy sems paciculan rce-mension e sosteis,
stk e Josver cvoreneny odel wee complicoted By several weehinical difenbies setated ke
DRI s S ol he pee aneies arcund chae cluan must tota, Wi B, TGy eyl
stmuliatens e cosed apen espertmental by ncasured Kinemotios. which o wll have  seme

wwsiwvtiedh messurement corers second, there sl neviahly e some leve] of ouorerical ereor ie

e s ld S

SIS P tes Kot 22 i N7




the comnparer sanebion il doe o eurd-od o runeatien errors wel namercal approsenatiens

e e, muneericic desdvatves af pesiion wasurements Laoohtin velocitios and acveleritions
Bolli types o evrers sl resuls oo o s ol joint wisics around the chaimha s nos oxactls 3600
I the open chon models thas e oopieally een sl o medel standing i the past. the elfecs
of these ermaes sl be svall Flosmeser, i oar more readistic clised choon models such errors van
leads o stamlcant complications Specilically s asvpicd siasion 1= deterniing the el
Forees sogiired o prodace aeerian sel ol measuresd kinematios vre, porforminvesse dueaees
However, e the prosence of sllcitate @ either measamcment-reluted o numericil: e
ciosed clhoam e cotnpaiatzon of moascle coreos will be demsated prmaeily by the st e
close e chiain bonreadistivally Lorge amsl compleieiy fiehtios Borves car be segquired o chose the
cham under shese conditiors. Stch probicns lave wd weovery Banded success with cosed cham
medels o the pasl Tvpeallv o simalation e s Eoeted Lo raction ol g osecend becise such
nipverical croors weoumiiute rapidiy.

We huve audressed these prablcins o bwo wanss Birst we fone cmplemend
“stanlzazion” aleerizhin wiacl diswributes toe eoross arounad e chunn rather han aliowine them

woawvemnialaie at one locanens The oo inemsebves are usualoy quite sneloand thas
redistrinunion Jias [idle oeet on e oree” selction while signiiicanty redocing the ailagt due
o foreing the chiais o close. The sugmitode o the remaiming arifuct has been farther recueed
B alloneing sommie seadl anount of mevement al the rees rather tar ixime twem fgicas e the
crourd. This sonpie modifcution abso has bittle impaci on the irae” sollor, while wrge
chiminatng the artituct tntroceeed o the moded sinulatos,

Thus, we have swccesstully implemented o teree-dinsensiani, closed-chem model ot the
o extrendives which s mouch maore realistic than the one-legeed. swosdimensional st
oo medels that have heen widelv used o prev. o simislatie s o standing. curtzemare, w
s e developed methods o mimimize the technical ditheultes assoced sk o approach

weeeptabie Tevels.

2. Contact mechantes between feet and ground: As presously stated. the nuahenanea

Seseripiion of e contact pechanios beraeen the feet and the groand e been naadilied o

rnore realistically desenbe the actoal corditivns, ALy models awsanie thas the feet are Hxed
rigidhy toome groand. Although this s approsomatels trae during gulet standicg. this assumpiion
Bas tao potential distorting cticets. First, preventing any rmovernent of the teet can wond 1w
numerival difticalties i performing closed-chain simulations. Second. pinning e feer @ the
aroud can lead o tnrealistic distrination of muscle Torves since this foot constraint ignores the
Tact cRat e feel widl meve 3t the frchon Torees hetween twe feet and ground are exeeedeil.
Although some mwvement of the feet wis allowed immally as o teehmeal selution w these
prablemis, there wre also phivsiological reuses tor perminting <uch maotions. The complianee of
L s ] the teon amd shioes, aind perbaps e the anble gl o the jomis of the foct are onvios
mechari=ms mediating these ssmall movemients. Thus incorporazing realistic contaes niiueies
Between the teet wed grewmind s essential Do obtaimmyg s aecarate descripion at the dy nasmnics ol
stardiere pesture and bilanee

Wo have thereture replaced the slatic sedution of Dy the feet rioidhv o me SToor with a
Syt constien where the reet are tised U the two dimensional skear Tercds ap the Toal Thoer
souerice are cess Wa Ine Tochonal Torces Hoveover, mivsenient o wlosaed S thie fricilon forces

are exceeded Vs adils Fonr additeonal 1300 tracer o eanh Toaal to the oversil model.
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3 Additinn of dviraniic properties: One of e primarny funeiioms ab the liwes entrenr iy
musculature dunng standing 1~ oo muintaie an npright pestiire agsmss snc v Festhermioge,
musales st wecelerate the mass o e body sezments inorder b mahe ad estinients o postaee,
and. converselvs et toree cormarodations st aceelerile the Bocy segnmens masses imoorder o
sroduce postezal disturocinces Finally ool cantracsile propertics o 0ot anslaiuing ous. so
chunges inmusele aolvation taas o ficee lengti o time o geserate Torees Al o? these dyvnamie
PIOPCITICS wre vssentnn b o rewiad moddel of the lower extremities. Thus, the seouend Dwgjor
medification of the presvioasly canstonz fower eamennty medel wias che additien ol Svnamic
properies due o the st and cnertial properties of e various body scements and Jue 1o the
SONITACTLC RIOPCTTIes O s e,

Vulues for the siss and merid] properties of te difteren: hody seaments (fool shanh.
thighe and Fnnped head-urnis-trunky saere ontamed ron: the hiermere (40 The dyvaamic
cguations ot arotien (e the relstionstip besween qoim moments acoduced By miosche
contriwction 1o the restltng mavenwent o our 12 DOF Jower exorenity madel were numesicaily
impeementad csing o ocommenctal dymannes sellvware package (SDACL Syirholic Do,
Ineo The softw are rowines generated by this packigze were then intesrazed ot he kinemgriy
nadal af the loveer extremities.

Muascle contractie dvnumics Juve intaily been descetbed marmematicaliy wsang o Hill
tvoe museic mocel included inme Panascics Proxeline solwire Tron Musculoeranhics, Tac, This
moded mceludes the length-tension and foree vewseity recationstips tor cach muscle. This rovatne
sl computes estmdles obf energy consusnpion, which witl he monisdsed e subhsequent

aplimesation procedures.

S Postural disturbances duwe o wpper extremity movements;  Controllers desipned to
ntisan stamdirg posture wid balance need o correct tor o wide vanety of mternal and exterral
disturbanees. An important class of such perturbutions can arise from either the volitional use of
the upper extrernmes, ar trom sikdden unexpected chunges in tne Jowd carried by the hands, Oy
approcch w designing controllers that ables Tor release wd use of the upper extremizios involves
resttng these irlernal disturbanees as oxternal inputs o the systen by as calealuting the Torees
and moments prodaced ac the shealder dunmy these stereotypical upper extreminy acosiiies, anld
hmeplay g These recunds 1 the stinuiuted control system wid monioring perfonmance.
the upper extremity o arder w preshicr tag

A SO pAeT provrany was Jdeveloped oomaode
forces ard moments generated about the shoubider for functonal arm omesements, For s
puarpose, the upper extremnty was represented s two rigid segmentss: the apper army, und the
lower arm tcorsisitng eof bot the torearm and the hand: The connection belween e two arm
sedmienls s assuiied wobe g hiinge qomtoamd the shouider was modeled as o pimbal jome o
allonw rotalion aboul three aves, SV Fast was used o numerically implement this model o (e
arperestrennly ainl o selve the mverse dvnaomiw s of arnm sovements,

The s center of mass Tocaten dretative o ilie joinisi, and merta matrees wery
specified tor cach seaizent s ampuls e e cquations of motion funchions generated by
SIMEas1 The delonll values currenthy inase e the averages given by MoeConviile ooal |20,
but the et muatrnces wall be castomized Tor cach madividusd test sabject when experiment;
dutas collected o ey the progians,

The program s currenthy confroured oo madel b crghe s and the elobu relerenee
frame s locwted wih the skaulder oot as s vrge The s-avis pornis arienorly, the s-aus
SO upward tapposie e daechon of gravitvic amd che soaves poines Tatereibe . The Tocg,

Voo Mamdig b s Brosress Hoper &7 Vi 1w




referene Doates Sor the ban aomsegients alizo wiihche aloba retersioe e whea the e is
wlwethe hody sath the paliy of the hand tacrmy Torward, The
VULDUL o2t syslei s slwavs oxprossed anerits of thewe glohal conrdinees Selving he

b anazenical postioon. para

Py erse A nnies Cqualions recsares for jois ansies al cuch stant of tene, T hree Luier ansic
vitlies wre necessars G deseribe the posatios o the ~howlder ot relaiine o the Dody, aed the
Fosrtts value s the angle Debacen the apper aom aad the orcasm. The progren reads in these
it Tron i eas e compates the corrent angilar velecily, s passes the state imtormistion e
the SOFFast mowten wihich calewanes e reaction borves and moments Gor chat stae. This
lorTrIon s Wit o anether 1o e,

Nevexpenimentl b nas boen wecerded vet for functonzt o movements, bue smpie
wdrput frocn She progran s peavciod oo demonsirae e resuits (ooss chiee smdiated oer
v eienls A tbree arme mavenienis he place vver @ one second tme period and werne
svithesteed from sizmoidal asgular rgjectones. The st aem mosverzent ssaluted was pare
anduction el il wpm at the sheolder stating ronn anatemicsl position and cndizg perpendicuiar
o the bads e thie coramie plase. The elbow joing wis held o (Gl cxtension tiroughous the
mevenient.Tae second waimnfated ovement consivted o simultancous shducton ol e
sheaider wmd fleswen arthe el s that the final position of the upper arm wis Te sathe as i
the st maveieent, but with the loswer arm perperdicular i the upper arm in aransverse phine
fwith e paine ol the band facry wosand che medsagintd plancs. The thicd moversat alse
estliedan the same final posire, but thie abdection of the shoulder and the Gesion of (e elhow
necarred segaenniably s raner taun semwilianecas )y

The predicted Torces i the x=divection were simadl Tor all three movenents, especialiv

are abduction. <nee shere are o {onolis Trees sesulling trean the Toseor wne e Borgss

gunenzed e y-diccction, as showvas i Figuree 1w ore Tor greater than the forces o the x or 7
vt sioee s s the directon s hich gruvies iy acting. The body sustains a constant Toad
nldppreRitaie sy BN when the g is ot mes g, and (ks foree mereases when she arm s
iwccelerated upsard. 1 reians Gachaszed during the second hatf of the third am: movernen
bocaase e hetght of the farcare does not vary ws the elhow flexes, The 7 aas forces resuliod
privarly o centrifugal Toree aben are Bighly dependent o sbdeetion angular velociivy and
were subsiuntaily Larger than those acting alone the a-wwas,

The meoments estimaied ahoa the v asis are depicted m Figure 20 The moments about
TV Wl A-daes were stgnificantly seadior since the primaey component of gl sinlied
muvertenls was abducton. The iy monents present upper arm frome mternally rotading due
e the wesghit o the Torearnt wid the v axts moments are due only 1o the dynamics of the e
movement, ponaly e Pesion of 1 elhow . and disappear when the g is beid in o sty
postore. [ neresting to cole that the moment i the s-dizection geacrated by the third arm

RO N PUdes ol L Sl w o

i e st mancuser, wid ten settes e the saloe sroducd
Py e seveed s ement ds he saee Tinal positien s achics e,

Tlese simulanons denonstrace bew e dvinumes of arm movenents v adleet the D ey
ard menierss hat are genersled ol the shoolder. Vardations i speed. sosition, and load van
dromisty adtecs she magniide of resuiting Jisturbances, We plan o sty wliah tepes of

disturbasices wlsoecis dee oy pected changzes o Tead aod e arm mosemenss g resuit

v these vhanzesamd sevicsdate these predictions it eaperimental dat..
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5 Madeling the effeety of FNS on paralyzed mnvele: The cnasonncal model o0 the
Jvaer ewtrenntes currently e s hised on e prapertics af mtact ety mscie om0
bl nodes ondovid sl Masy medel paramieters dare Bhely oo change attes lonz-tees spard cond
wurs . Sionhasly - ENS s not el cenvee sl the Bibers or imreness A ol for apeeming
e siere avearaiely rellect the aciiea vl NN an

reperimg periads s e wdin the miesde

miruby cod ncascle Tondaies o homnes esting hus heen pertaried owame b end, However,

ity e ected ter ether studios o liborstory were re-unalysod o dezernime whethier adjustne

e mede] parwinetors based onassicupons choul e nature ol me shvolozgicn, chuges
e il il SUT weonld viesd reasonable nes s
sl resuits Tran cmaieses abicd cempared  sokdnelic 13 Asecr hnce exleraios

moments prodocad by clectmeal stomnulanion i peisons with SCT o those predicted by SININ e

encoura2ing. Specific model paraneiers such s percens mscle wolivasion, s susele
force. eptin: Bher ereths and wendon sLaek Tengeh were wusicd 1o achieve o ogross it o che
SIMNM vatpetr wethe SCT dwas The data are prehiounary, bt shey provide osieht cne the ofeel
of ultering e medel o more accinately predict joint moimenis obtdined by clectricalt
stealating parahvzed muscle. Tepical sesults B che vistus fateralis VL masale ol one
villunteey wath SCLisubject BB are presenied o Figure 30 In this cose o reasonable nstod, as
ceternined byovisaal inspectior. was chigined by worenng the aptimal tiber Jeneth feon: & e
Hosem bused oo the assanpiions that profozsed perioes i Gie siling posEon mus vutsse a
stretching vl the guielrceps anuscios,

This nepe ot remrospectise aralvsds will continne on the knee and hip joimt data collected
diring etber expenmments i our labosatory - Fhae elforts will be direcied woward developing an
aleosithar wonch eptinnses she musele model parneiens e Ot sews data basea onen objecive
crror criletiae Pinadlse aoset o Bman experiments wail be designed 1o selae and directly
measlre these purimeters with ENS in volunteers with spinal cord injurics,

6. Swmmary amd immediate plans:  In the current meporting period. we have Larecly
completed e develepiient of 0 12 BOE Closed-chuin dvineie model of both lower exirenitios,
usintg parznielers hisesd wpon abe-hodicd senjeciss Dy the ness period, we will beein toouse this
mende ! o develop contoe sastems Ter FNS-hased unmiassisicd <tanding. Wo o wil focus on

implementing several of the controllers orginally proposed. and anapplyving optimizatics
lechnigques o rdentily aptinnad controller parameters. Contrellers will be implemented imitially
by omoditving ouscle wetivaiion levels on g samnple bv-sample basts depending upon che
muechamcal states of the model. Over the next rao reporting pertods this direet gse of the infernal
musele states will be replaced by ore realistic models of actual sensors. Our approach t
GpLEILZEUON s unchanged o the ariginad proposal, wid appropriate aphimizauoen soimeare has
peen wdentined 3Malub Optionization Toolhox, The MataWaorks, Ine o Becuuse ol their
Hopertane o suc overallaparosch s mite, work on conveder implementanen and e inteeration
vf onnnnslion will e performed using the existing able bodicd model. Eurly in the seeond
contract veas we plan o begimoo adapt the meeel o sener reflect the phasialogy of spinal conl
ey amd the achierns 0l ENS S Mackersaneal desciptions ol the electrical recrunsient peopertics
al stimnated micses and dnproved estimutes b jeint passive pooperiies hisod o expensentl
it wil be acded o pcortonned te the madels The predivied disteeances caused by

volitienal upper extremity masements will s he conitied cxperimenially,

-,
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Knee Moment {Nm)

VL

4E

% Knee Flexian

Figure 3 Bosmctic (43 Secs kace ealension mwimen: vs porcenl hnee Uesion as aoterdbed
front the vastus Literalis v Lo the ahie-bodicd STMA medel - -0 o eledricsl stimuiation
i etrnaseular elecirodes e iododual with g spinal cord injury -a-2 and rom s teodel
adjusted for spora cord imjues byonereasing the opinal Sker lenath vy 2397 0 @00 The SO data
woere wblained e eaperiments performed seh an insiwnentad CYBEX I dvnamoznieler wih
the subrpect LI aositting pesiien Stiatalation palses were dlusee o duniton god 20ma mi
wnplinde oo eguenes of 20, The entimad fiver fength was wdjosted wobicarily on this case

Pasca onihe aesapricn that lme-tern saralvsis and sitting o the wheeloair for exteaded
| : :

C. Adaptive and Preparatory Control Algorithm Development
Twompertant elemants o sur approachi o the geal of proionged. Cnoassisied sty ase

surrrnid drer changes Ur pestune i preparation tor i disturbueces, and adaptatioe o

g The toreer regares Tmeiszation of e recrwetmznt propertios o the stoulatod masecle
locsimpety dbe eser corzand buerteees The latier invalves o ivedfore and component 1o
NEmbaIn adeuite mscle vapun as e recranmiens properties change. By the eadd of the T
Colire D dar wa plin e e e e desdgned i charactesize apen Liop stding.
veclunte an et posture st pardd g and mplemens mser spocited arcparzioy
vhanges 2opostere Iniles contralU perions ear ooty Tave been acused on el ior 2 g o
Pesan sens g svsien Dl ol e s B commesler nplementaoon and expernseni.

evit uatbon cn b Dnreersily of Reness The bimeradic rack:ns sesem e he used 11 CWRL
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P saeydar purposes has alreicds beer calivrated, We Bave also begun toscnnlate wrd evaliae @n

adaplive cenirel sasem o acsount fes denlinear seonntnenl pragertics and viinges moniscle
properties due o e e e seconad sear et the conract e plan e e completsd <he
developrwnt al cviluaiien 0 compaier siinlaion of e adapine eedloraard camzod

compertent e that s pertornmngice can be s ssed eapernmentaliy

I Error characterization aid correction in the Kinemaolic tracking svsfem: Too Tlous
cf By kevemocie tracking sasteme will beowsea o the wxperiiients fes centrol osasien
neplenentialion us well as for control sy stemnr porfeonnanes assessioent o be performed al B
Dedvossity of Rontucks Tl vk svsienn vansists o o 1mansantler thal genenaies
soctremaonete Teid ace aosel of oy receivers that can be mountes on oy seginenss, baen
recuiver can prod e real TERe meisara g its of s pesizon al onentation stk respect o he
crsanitter. hie ks contraet perod. we luve characzerized the cmmoss In posiien and anple
redasGre ey b e systenn and we have develoned wometoed tor correctinng ermees T the
Ptz witch were ound o he unaceeplahle

Powr sensors were placed o each of 64 diderent locatons 1o detice o colibration volume
ob BINTIVE co ot Boreonnal planes ot 36 Jocations per plane . Figure 4 shows thal the vy

Mcanare el provaded By e sensers residl i errors. The fuicdinienm crzor 12 dISHnee adress
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Higure 4 Position duta from the Flock ol Birds sensors betore ermor compensation ¢ leftn sl
Catler wetnpensatien crichin Dot were collected ol 6 ditferert locatons o2 hosizonlal planes
coentarng L measirenwent pacits Throughout the castbeation volume 16072078 eme The poos
ton the ot shmas e piotectioms onte the xov alane chorvizentad plaaes ol the actual senser

icalions v ang chie medsiements ronts Hwe sensas ofr 0 The rwsincum orror aors- e

calthratron wolome was G052 cmy withan BAMS vidue across the volwme of 3005 enn The plar on
fe iehl shows the preections cnle the -y plane chonsontal phoey of the coiuas seimsar focations
roc i e mmeasure it brari the sensei o Qber s1gimas provessing usig e wrrer siregion
i

Prowim descrtbee e the texs, Adler processing, the masinene e error across the casthraion velume

woas AT cr win ar RAS e werass the volure of TR20emy Thas Tev el o aovinaey shondd

Eouitaboe o the maplenenziolont wid ovisdatien of the sturadimg ssstem.
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the oo was townd o be no32 ons Ar error correction scheme was deveiopad o which the
error vidues wore T pesvmoniad faactions o the distance medsereens provided byothe
senser Figare d clso prosents the Ccerrected” ineasirenents using o wode] thas resuied inoa
ST reduction o crnor Smesenum orrae of A0A ek Add ool datg Tnar shows demionstrae
that the mcasurermients provided B the sensers were comisistent o randons asse wlen sensor
v Teved Tocatiom, were rencutehie pmeasureinents Sahen on severas Jifterent dues resulied o
st errors e and were crdependent e dividual scesor ciracrerisies czitferent sonsioes
resudted m simiar errors when placed e same lcation

Acvudihraies device swos consdriciad oallow tor accarate and repeatable phcemens of
the sersars alseveras difterent veientatons, Figure 5 <hows aosketek of the cevice and presents
resttlis har dermonstraie sory o smale eriors e angle measurements (cal Jepere o boll che
artenzation o the sensor ard e distanee of e cedibration device tram e triamseaiier,

These resicds indicare that Flock of Birds kinenunic oracking svalem rwith e crror

vorrecton desermed padlh most kel be suineble dor eplemieating and eviloating the sianding
contrer syt Fature work sl Beis an chasuctenizng the dvnanic sesponse ot the sasem

and v chargetenismg the anele dependence of the position eoror,

| -
| Mo e da e pelaus e angles ‘
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Figure 51 Angle data Inom e Plock of Birds sensors. The Bagram on the [l depicis the
apparatus it was huils we calibrate the anzle medsarements Tt s oo plescglis plae with teo:
i attuched e i cach witn msuniing sicts for the sensors. One ann is feec o rode ahouat v,
end whiie stops placed at mcrements ot HE derrees sllow aecurate and repeatable orentatione u;:t'l
Fan semsors with nesneel woanother two sensors. The plot on e right presents data ronn Tour
celibriatlon sessions with the apparatus pluced st ditterent distaoces from the transmitier. These
Jasw mudheate thae the errors e e angle measurements prosded by the scnsor svatem are Jess
Hhan 1 degree when the micasirements e taken within 93 ¢ of the tronaminier. This ievel of
acearaey sholhd be sortable Ter the implemenzation and cucluation o e standimg svaaene

-

2. Design and development of tire adaptive feedforward control system:  An wlaptive

vecatee] sastom was pmplemented o the Maniaboenvimenty anid the inal sagee of the
Cuddcren hes doen compienad usong camputer s luted medelss This stase ot the evaluaniion
s Towasew o s eniiacteria g tieoabsin ob the adaplive siupping scnmne taoacceunt lor
nonbricariies momuscle reerutment prapertics and b characiernzng the abiline of the adaptive
rappIne scheme Ty accaunt sor changes it the nenhmea: muscle seormnumenn proaperties dee o
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fatigue,  The maodel dsed for s imtial stoce of evaluatorn mcicdaed & nendinear recrunime:t

curve and several vanatioons onoa meedel e tatigoe swhich would vesalt i changes i the
reCratTe R curve ovar e heretare, the mpat s e controller wes " commmand” from che
Wser ared The outpul Was semelrrs ndscle tergue froae asingle minsele. The anjective of the
contradler I ese sz iiations was oaeneve nd mantaiin s o snpanoutal cRarig oSl s
viewed by the aser and 1o atihize the entire centmand range to regnlale cnscle torgue oser the
sanps al U-253 N\

Figure 6 shows the results of o simaalalon roe i demonsirdles hosws she acdapiine
AP cal docounn e nonbinens recruntnwnt propestics and anhize the enure corvaand rsge.
Awechnigue <ach as tns should suepay the command-conta] mrerface wnd albsa the aser Lo
more custle specify e desired Teved of co-acuvation e pressration dor g parbivclar achis iy,
Maintuning these linear user anpadennput characteristics in the presence of lateeoe will b
Anpurtant o continaeus operation Tor estemted pernods er tme. Figure 7 and Figare 8 <how
e resulls fromy sazulanons That demanstrate mow e mappicg scheme S adjused on-line o
quecount Jer muscle fetizue v complicawed recreioment nochiseaniies. CUhe soonsaaons shioswe
Figure 7 utlized aomedel of fatipue consising of o siromdtaneous shitl o the nght of the
recrument curve, Jdecrcase o muscle s and dropo i recruiisen vurve slope. Al ese
nhenozeny have been observed al vareus tmes with electacel lv-indoced fatioue. The slrorthm
wleguarely malnialns the lnear imputfoutput preperiies. The multiple aoninearities represenleid
i Figure 8 are commoenly ohserved when parabvzed muscles are et ated wiily FNS s Juree ang
spatially distinet neeve branches are excited with increasing stenulation. hese simulacons also
whilizod g enedel of facyae consistiog of oniv adeop momosele vain, and again demonsicane e
ability of the alrorninnt b deceuni [og recrditinent monlincarities v the presenee of tatieue.

Phese resudis cndicate that che adaptave mapping seheme can address the twa pomary
ssues Lor which s wos destgmeds nonlinear recroitinen: and muscle faigue. Futoe work will
focus oo turther characwrzzation and development of the adaptive companent. This work wil
imvesticate the efteets of other moscuboskeletal aonlinearnies dvnamics and hvsteresis using
models mmplemenied in SIMMSDEAST

30 Summmary and immediate plans: The pontay tocus of Uie nest cortract poeried winl
be o corsplete the setap ol 1he Taboratory hardwiare and sormware reguired toc the exnerinwental
characterizanoen ot the vpen-loop contrel system wsing the posteee shilling paradiee and (o begin
these experiments. Thes work will inwlude:  conipletion of the contrel sysierm solTware
development ancluding josstick noertace und stunalalor ineeface software:. construciion of 5
mstreinented standice o that can be usad Lo provide support for the subiects when reguoed
and mcusuremenis of the support forces eacrted. A secomdary ¢fTort will be the continuadion of
the evaluenor of the adaptive contrel svstem in computer simulations, Ths swors will elude
i erperatio: ol the adantive control svstem algorithim indo thie SIMAMSSDEAST envirommivent.

-
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